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Soft- and salt-templating methods have been combined to obtain highly microporous carbon materials
with mesopores in the narrow pore size range. Phenolic resin was used as a carbon source, and rubidium
and caesium chloride were used as salt-templates, giving a well-developed microporosity with a high
specific surface area, whereas a sacrificial triblock polymer Pluronic F-127 (soft-template) induced the
mesopores of essential importance for fast access of the electrode surface area for the electrolytic so-
lution. The combination of a high specific surface area (up to 2556 m2 g1) with a suitable pore size (0.77
e0.88 nm) resulted in an excellent performance of the electrochemical capacitor. High specific energies
of 16.7 Wh∙kg1 at 300 W kg1 of specific power have been achieved for a CsCl-T-based high-voltage
(1.5 V) device with a 0.5 mol,L1 Li2SO4 electrolytic solution. The improved rate handling was allowed to
maintain 10 Wh,kg1 of specific energy at 4 kW kg1 of specific power. In contrast to the other carbons
with well-developed porosities, the material density obtained allowed our device to reach competitive,
remarkably higher volumetric characteristics.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The energy storage market, which is currently being stimulated
by the increasing power demands of portable electronic devices
and electric vehicles, has developed dynamically [1e6]. Many ef-
forts have been made in order to design and implement novel
materials for energy storage systems [7e10]. The miniaturization of
electronic devices and fast-charging requirements have directed
most of the research towards electrochemical capacitors (ECs) and
Li-ion batteries [11]. The response time for ECs usually is in the
domain of seconds because their principle of operation is based onace, Institut de Science des
8100, Mulhouse, France.
Ghimbeu), krzysztof.fic@put.
r Ltd. This is an open access articlethe physical adsorption of ions in the so-called electric double-
layer, which is formed at the electrode/electrolyte interface [12].
Such an energy storage mechanism ensures an excellent perfor-
mance from the long-time perspective, due to the lack of structural
changes in the electrode material. For this reason, ECs are used to
store and release energy, for instance, during an incidental break-
down of power suppliers [13]. In batteries, the charge is stored by
the redox processes (including intercalation and insertion pro-
cesses), thus providing a very high energy density output with a
moderate response time [11]. Hence, the application field for both
systems is entirely governed by their modus operandi, and they are
not intended to replace one another but to be complementary.
However, since the kinetics of the chemical reaction is a kind of
natural property of the matter and cannot be ‘changed’, the tech-
nological concerns suggest that the properties of the electro-
chemical capacitors are easier to tune. In fact, there is a continuing
trend of increasing the energy density of electrochemicalunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cific energies on the level of tens and hundreds of Wh,kg1. Un-
fortunately, this is quite a large challenge and in many cases
(essentially when faradaic storage is incorporated to the charge
accumulation mechanism, similar to in hybrid systems) the power
is reduced remarkably. To some extent, such an effort does not
make much sense, since high-power batteries have recently been
put on the market and serve perfectly for short-term storage but
have an otherwise very limited cyclability. Furthermore, such bat-
teries are high-power only during their discharge but not during
their charge, which is a needed characteristic for use in popular
applications like regenerative braking energy storage. Therefore, a
reasonable approach should be to optimize the energy and power
density together with the long-term performance.
On the one hand, over the last 20 years, several concepts for
tuneable carbon-based materials for ECs have been proposed. The
short list of main discoveries needs to include activated carbons
[14], carbon nanotubes (CNTs) [15e20], graphene [21], and carbon
onions [9,22e24]. Such a variety of textural ‘arrangements’ implies
different applications [7,19,25e34]. On the other hand, it is well-
known that commercially available electrochemical capacitors are
based on a cheap, abundant and chemically stable material, i.e.,
activated carbon.
The design of a new energy storage system requires many pa-
rameters to be considered: the conductivity of the components, the
ion/pore size ratio, the micro to mesopores ratio and the recycling
of the components after reaching end-of-life criterion [35e37].
Therefore, various precursors (mostly sourced from the biomass)
[7] and synthesis methods (pyrolysis, activation, sol-gel, templat-
ing…) [38e40] have been proposed. To obtain micro/mesoporous
carbons, various activation methods have been proposed, i.e.,
chemical or physical. The main difference between those two types
of activation processes is the temperature used, which is much
higher in case of physical activation. The physical activation with
CO2 or steam allows for porous carbons with unimodal pore size
distribution to be obtained, which are perfectly suitable for elec-
trochemical capacitor applications [41]. However, the burn-off
factor is very high and therefore the carbon yield of the synthesis
is low [42]. Therefore, chemical activation methods have been
widely used, as they allow for enriching the surface of the carbon
for various types of functionalization. Potassium hydroxide (KOH) is
considered to be the most effective chemical activating agent and is
widely used for micropore development in the temperature range
of 700e800 C. However, the residues of KOH have to be washed
out with acid and, moreover, the carbon yield is rather low [43,44].
Therefore, thewhole procedure is considered to be non-sustainable
and has limited potential for industrial applications.
It seems that each activation process results in a different pore
size distribution. It has been confirmed that the right adjustment of
the pore diameter to the size of the ions from the electrolyte
remarkably increases the specific capacitance and efficiency of
double-layer charging/discharging [45e47]. On one hand, it has
been proven that it is mostly the presence of micropores that im-
proves the specific surface area; thus, they play an essential role in
the improvement of the specific capacitance of an electrode ma-
terial [48e51]. On the other hand, mesopores are crucial in terms of
a fast charging and good rate handling [52,53]. Therefore, only the
balanced combination of both micro and mesopores is reasonable
for designing high-energy, high-rate electrochemical capacitors
[51]. Tuned parameters of porous carbons might be achieved by
applying so-called template-based methods [52,54], which are
further distinguished for hard- (H-T) [55e57], soft- (S-T) [58e60]
and salt-templating (MeX-T) [61,62] agents.
In the H-Tmethods, mesoporous silica, often used as template, is
fulfilled with a carbon precursor, then annealed and subsequentlysubjected to acid/base etching [8,63]. This results in the formation
of a carbon replica which keeps the hexagonal structure of the
silica. Soft-templated techniques attracted great attention due to
their simplicity, rapidity and large choice of templates/precursors
[58]. In such approach, surfactants able to create hexagonal, cubic
or random array moulds are assembled with a phenolic resin car-
bon source to obtain by simple thermal annealing a 3D carbon
material. The materials obtained by the H-T and S-T method are
characterized mostly by a mesoporous structure with a fraction of
micropores and the pore size depends on the template type, carbon
source and processing conditions.
To obtain microporous materials, the novel concept of the
template synthesis (salt-templating) has been proposed [64e66].
In this method, inorganic salts are used as templates, which lead to
microporosity formation due to the small size of the cations (Liþ,
Naþ, Kþ, Ca2þ, Mg2þ, Zn2þ) and anions (Cl, Br). Other parameters
that impact the final material properties, besides the kind of cation
are template concentration, temperature used, pH or type of the
eutectic mixture used for making the synthesis temperature lower.
Therefore, in order to obtain micro-mesoporous carbon, both soft-
(S-T) and salt-template (MeX-T) approaches have been combined
[67,68]. In such a procedure, the soft-template is thermally and fully
decomposed, creating a mesoporous carbon structure, whereas the
salt-template creates microporosity and can be easily washed out
from the sample after the synthesis [67]. It is worth highlighting
that the soft- and salt-templating approach ensures high sustain-
ability of the synthesis, where no toxic or hazardous chemical
compounds are used, carbon burn is avoided, and moreover,
tuneable carbon properties are achieved [67]. High capacitance
values (specific and volumetric) balance well the rate capability,
slightly worse than for other materials reported, based on graphitic
or heteroatom enriched carbons [69,70]. It has to be pointed out,
that the concept of applying templated carbons in electrochemical
capacitor has already been reported elsewhere [27,71]; however, in
the previous reports, the synthesis was unlikely sustainable and
complicated.
In this paper, we cover the topics of soft- and salt-template
syntheses based on rubidium and caesium chloride salts, which
to the best of our knowledge have never been used in this appli-
cation. The high activity and small size of the solvated cation are
beneficial for obtaining a highly porous carbon structure with an
optimal pore size. In addition to the physicochemical characteris-
tics of soft- and salt-templated materials, their application in
electrochemical capacitors has been explored. The synthesized
carbon materials are used as the active material for the electrodes
of symmetric electrochemical capacitors. Their high specific surface
and moderate density allow for a high specific and volumetric
capacitance value to be obtained, compared to commercial acti-
vated carbons. Therefore, sustainable electrodematerials have been
proposed for ECs with an alkaline and neutral electrolytic solution.
In this context, it is worth mentioning again, that the synthesis
route proposed by us does not involve complicated, multi-step
procedures, quite often required for other methods. For instance,
NiO and SiO2 hard templates usually require harsh and dangerous
conditions (e.g. using HF or HCl for template removal). Moreover,
the precursors used for hard-template infiltration are very often
carcinogen (e.g. phenolic resin, polyfurfuryl alcohol) or dangerous
(gases such as CH4, NH3 are used). In the case of carbon infiltration,
Chemical Vapour Deposition (CVD) dangerous procedures must be
applied in order to obtain a high-quality and well-dispersed ma-
terial. Given that, our synthesis route appears to be fully sustainable
and very attractive from commercial point of view.
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2.1. Material preparation
Carbon material synthesis involves a one-pot soft-salt template
synthesis procedure. Briefly, a carbon source based on phlor-
oglucinol/glyoxylic acid monohydrate, a soft-template, Pluronic®
F-127 (Sigma-Aldrich, France) and a chloride inorganic salt-
template are dissolved in an ethanol/water mixture to obtain the
solution, as described in detail in other studies [67]. Rubidium
chloride (RbCl) and caesium chloride (CsCl) salts are proposed for
the first time as micropore-creating agents. The ratio of the
phloroglucinol carbon source and the salt template was adjusted to
1:2. The NaOH solution is added into the solution in order to obtain
a pH of 5 for the reaction mixture, as this allows for the highest
surface area of the carbon to be reached [67]. Subsequently, the
obtained solution is placed on a Petri dish and pre-dried at room
temperature for 12 h in order to evaporate the solvent and to allow
the phenolic resin and the template to undergo a self-assembly
process. Then the solution is dried at 120 C for 12 h in order to
cross-link the phenolic resin/soft-template. Afterwards, the mate-
rial is taken from the Petri dish and annealed at 900 C in an Ar flow
for 1 h. After the entire process, inorganic salt is washed out in hot
water (80 C) for the total dissolution of RbCl or CsCl residues. Their
high solubility allowed for recovery of the templating agent.
2.2. Physico-chemical characterization
The textural properties of the soft- and salt-templated powders
and electrodes were evaluated using N2 (at 77 K) and CO2 (at 273 K)
sorption isotherms by using ASAP Micromeritics 2420 and 2460.
The pristine samples were degassed at 300 C for 12 h, while for the
electrodes the temperature was limited to 100 C for 24 h to avoid
binder degradation. Moreover, a He flowwas used before degassing
under a vacuum in order to evacuate the impurities from the
porosity volume. The Brunauer-Emmett-Teller equation has been
used for calculating the specific surface area (SSA) from the linear
part of the isotherm at a relative pressure in the 0.01e0.05 range.
The Dubinin-Radushkevich (DR) equation has been used for the
micropore volume calculation at a relative pressure in the range of
104 to 102. The total pore volume has been determined from the
amount of adsorbed N2 at a relative pressure of 0.95. The pore size
distribution (PSD) has been evaluated in the SAIEUS program
(Micromeritics) with a 2D-NLDFT heterogenous surface model [72],
which to date is the most adequate model for activated carbons.
The structure of the carbon powders was characterized via the
X-ray powder diffraction (XRD) technique, using a powder
diffractometer D8 ADVANCE A25 from Bruker in Bragg-Brentano
reflection geometry q e q. This diffractometer was equipped with
the Lynx Eye XE-T high-resolution energy dispersive 1D detector
(CuKa1,2), allowing for ultra-fast X-ray diffraction measurements.
The material’s morphology was evaluated via scanning electron
microscopy (SEM) analysis using an FEI Quanta 400 scanning
electron microscope. The setup was equipped with an energy
dispersive analyser (EDX), which was employed to determine the
chemical composition of the carbon materials. It has to be
mentioned that the composition has been determined for three
zones and the paper presents the averaged values. The material
structure was investigated with a JEOL ARM-200F transmission
electron microscope working at 200 kV.
The Raman analyses for powders and electrode materials were
performed at room temperature in a backscattering geometry using
a LabRAM BX40 (Horiba Jobin-Yvon) microspectrometer equipped
with a HeeNe excitation source (green line, wavelength 532 nm)
[73].2.3. Electrochemical characterization
2.3.1. Electrode preparation
All components, i.e., the synthesized carbon, a polymer binder
and carbon soot (90:5:5 wt ratio), were added to a beaker in the
presence of ethanol. Carbon black (C65 from Timcal®) was added in
order to improve the electrode material conductivity. Then the
mixture was continuously stirred at 70 C in order to evaporate the
solvent and prevent decomposition of the polymer binder (poly-
tetrafluoroethylene 60 wt% in H2O, Sigma Aldrich). The dry com-
posite was then rolled into a thin film, cut into round discs with a
diameter of 10 mm and dried in vacuum at 100 C. The electrode
materials prepared in this manner were labelled RbCl-T or CsCl-T
for rubidium and caesium chloride, respectively. For comparison
purposes, two commercial activated carbons labelled as 507-20
(self-standing cloth from Kynol®) and YP80F (powder from Kur-
aray) were used. The electrode masses varied between 8.5 mg
(CsCl-T, YP80F) and 9.2 mg (507-20). Geometric surface of the
electrode was 0.785 cm2 and the average thickness - 150e200 mm.
2.3.2. Electrochemical evaluation
The electrochemical measurements were performed in sym-
metric Swagelok® cells with stainless steel current collectors and a
Whatman GF/A glass fibre separator (thickness of 260 mm). The
applied electrolytewas either 1 mol L1 lithium LiOH or 0.5 mol L1
Li2SO4. The cyclic voltammetry at scan rates of 1e100 mV s1, gal-
vanostatic charging/discharging at 0.1e10 A g1 and the electro-
chemical impedance spectroscopy in the frequency range of
1 mHze100 kHz at the selected voltages were performed.
The capacitance values are expressed per single electrode unless
stated otherwise. Moreover, for convenient comparisons, in certain
cases, the volumetric capacitance has also been presented.
3. Results and discussion
3.1. Physico-chemical analysis of soft- and salt-templated materials
The porosity of the templated carbon powder and electrodes is
characterized by nitrogen adsorption, with the textural data sum-
marized in Table 1.
Carbon materials obtained with the new RbCl and CsCl tem-
plates exhibited large surface areas of 2077 m2 g1 and
2556 m2 g1, respectively. These values are remarkably higher than
those previously obtained with LiCl, NaCl and KCl templates (max.
~1750 m2 g1). Such values are also competitive with the surface of
commercial activated carbons. CsCl-T offers an extraordinarily high
specific surface area, i.e., 2556 m2 g1, which results in the high
specific surface area of the electrode material (2143 m2 g1) pre-
pared with this material. Interestingly, the average pore size is 0.77
and 0.88 nm, which is an optimal size for electrochemical capacitor
applications, as already demonstrated [74]. It is noted that the in-
crease in the salt cation size induces a higher surface area and pore
size, with CsCl exhibiting the specific surface area close to the
theoretical one. For salt- and soft-templated materials, the volume
of micropores is very high, i.e., 0.77 and 0.95 cm3 g1 for RbCl-T and
CsCl-T, with a considerable volume of mesopores, i.e., 0.19 and
0.20 cm3 g1, respectively. It is also worth mentioning that the
average pore size ranges from 0.7 to 0.9 nm.
Taking into consideration the fact that the electrode material
components, such as conductive soot (C65) and a polymer binder
(PTFE), may decrease the SSA [75], the electrodematerials prepared
with 90 wt% RbCl-T or CsCl-T have also been analysed. Indeed, we
observed a decrease in the SSA. However, the obtained values, i.e.,
1764 m2 g1 and 2143 m2 g1 are still very satisfactory, especially if
compared to electrodematerials based on the commercial activated
Table 1
Porosity characteristics of synthesized templated carbons and commercial ones obtained by N2 adsorption/desorption at 77 K.
Sample name Specific surface area [m2$g1] Vmicro<2 nm [cm3$g1] Vmeso2e50 nm
[cm3$g1]
L0 average micropore size <2 [nm] L0 average mesopore size 2-50 [nm]
RbCl-T 2077 0.77 0.19 0.77 5.60
CsCl-T 2556 0.95 0.20 0.88 3.86
YP80F 2087 0.80 0.19 1.04 2.81
507e20 1841 0.69 0.00 0.82 2.07
RbCl-T
electrode
1764 0.65 0.11 0.81 8.26
CsCl-T electrode 2143 0.81 0.16 0.91 5.15
YP80F electrode 1771 0.68 0.21 1.04 2.85
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also worth noting that CsCl-T-based electrodes reveal the highest
content of microporosity among all presented materials.
The isotherms and the corresponding pore size distribution for
all of the abovementioned electrode materials are shown in Fig. 1. It
is important to mention that the decrease in the specific surface
area of RbCl-T- and CsCl-T-based electrodes results from clogging
the porosity via the presence of the polymer binder and the addi-
tion of a low surface area carbon soot. This causes a visible differ-
ence in the L0 parameter for pristine carbon and the electrode
material. In fact, for the electrode material, both L0 values are
higher than for pristine, powdered carbons. This indicates that
during the electrode formulation process, only the smallest pores
are blocked by the binder, as the average values shifts towards
higher values.
It can be easily remarked in Fig. 1a that the electrode materials
based on templated carbons demonstrate higher SSA values than
the commercially available ones. In fact, the sample labelled 507-20
is a highly microporous material and does not reflect any hysteresis
loop on the isotherm. It is produced from phenolic resin in a one-
step synthesis, and its isotherm overlaps with RbCl-T, which
might suggest similar porous properties of both materials. How-
ever, RbCl-T reveals a small hysteresis loop resulting from the
mesoporosity fraction, which is assumed to guarantee better sur-
face area access at high current regimes. YP80F is produced from
the abundant precursor, coconut shells, activated with CO2.
The implementation of the soft-templating step introduced the
mesoporosity fraction in RbCl-T and CsCl-T, which is observed by
the presence of hysteresis loop. Given this, it is assumed that the
proposed soft- and salt-templated carbons will reveal a high rate
capability, which is required for electrochemical capacitors.
Fig. 1b presents the pore size distribution (PSD) for electrode
materials. CsCl-T is characterized by the narrowest PSD among all
materials. It contains a high fraction of wide micropores and small
mesopores. The pore size distribution of RbCl-T-based materials is
shifted towards narrower diameters, both in the case of micro- and
mesopores. Its PSD almost overlaps with the 507-20 sample, as was
already observed in the isotherms. YP80F possess a smaller amount
of micropores in comparison to CsCl-T. However, its PSD differs
from the other presented materials as the average pore diameter is
shifted towards higher values.
CO2 adsorption was complementarily employed in order to
verify the presence of ultra-micropores. A comparison of the elec-
trode material adsorption isotherms is presented in Fig. 1c.
Apart from the differences in the adsorbed molecule di-
mensions, a higher analysis temperature (273 K) allows for a better
adsorbate (CO2) diffusion in comparison to nitrogen sorption
(77 K). Interestingly, the obtained specific surface area values are
smaller than those from nitrogen adsorption/desorption for all
samples e the pristine carbon material and electrode based on this
carbon material. It has been assumed that this difference could becaused by a narrow pressure range used for CO2 adsorption (vs. N2
sorption) and by a smaller ultra-micropore fraction (pores <1 nm)
compared to regular micropores. Nonetheless, the CO2 adsorption
indicated that the micropore and ultra-micropore volume is higher
(1.51 cm3 g1) than that from the N2 analysis (0.95 cm3 g1), while
the pore size is quite similar. Finally, one can conclude that the
synthesized carbons are characterized by well-developed porosity
confirmed by two adsorptive techniques.
Interestingly, the conductivity measured for the electrode ma-
terial indicates that there is no direct correlation between con-
ductivity and the textural properties of the electrode material.
Namely, the conductivity was the highest for the RbCl-T
(12.1 S m1), demonstrating almost the same PSD as the material
of the lowest conductivity, i.e. 507-20 tissue (8.0 S m1). Material of
the highest SBET (CsCl-T) demonstrated the conductivity of
10.1 S m1, whereas YP80F e 9.1 S m1.
The structure of the materials has been assessed via an SEM,
TEM micrographs and an XRD study, which are presented in Fig. 2.
The XRD patterns show (Fig. 2a) the absence of (002) peak,
indicating the lack of stacked graphitic domains. No other peak
(related to the presence of the crystallized structure after synthesis,
i.e., salt-template residue) is observed, suggesting that synthesized
carbons are free from impurities. This confirms that salt-template
recovery is possible and highly efficient, as no traces of the crys-
tal structure are found in the final material. Certainly, a broad (100)
peak at 43 2Qo cannot be neglected but instead suggests the
disordered graphitic domains in the material in the form of long
carbon chains. The TEM images support this statement as mostly
the microporous structure is visible. Moreover, one should remark
that the synthesized material is homogenous throughout the entire
volume. The SEM micrographs, Fig. 2bee, present various mor-
phologies of the electrode materials. At first glance, the various
particle sizes of the RbCl-T-, CsCl-T- and YP80F-based material are
seen. The particle sizes range from 20 to 75 mm for RbCl-T,
10e50 mm for CsCl-T, 3e7 mm for YP80F. Therefore, it is worth
highlighting that commercial activated carbon reveals a more
uniform and smaller particle size. 507-20 is interlaced with wires
with a diameter of 7 mm. For both the soft- and salt-templated
methods graphene-like sheets are visible. 507-20 is composed of
carbon fibres without any additives. As graphene-like planes draw
our attention, the HRTEM for the soft- and salt-templatedmaterials
have been performed with the results presented in Fig. 2feg. The
homogenous structure for both samples is noticeable and
graphene-like structures have been found. It can be concluded that
the graphene-like planes are not stacked to form many layers on
the graphitic domains, therefore explaining the absence of the
(002) peak on the XRD.
In addition to the structure analysis from the XRD, SEM and
TEM, the Raman spectra have been recorded to gain more insight
into the local structure, i.e., the disordered degree, the type of
carbon-carbon and the carbon-hydrogen bonds. Thus, in Fig. 3 the
A. Platek et al. / Electrochimica Acta 338 (2020) 135788 5Raman spectra with deconvoluted peaks are presented for RbCl-T
(a) and CsCl-T (b).
The ID/IG ratio calculated from the intensity of the experimental
spectra is equal to 0.88 and 0.90 for RbCl-T and CsCl-T. However,
taking the area ratio between the D and G bands into account, it
was determined that for RbCl-T this ratio is equal to 2.71, whereas
for CsCl-T it is 2.16, indicating that the comparison between the
intensity values for activated carbons can sometimes give
misleading information. For the calculated ID/IG ratio (0.88 and
0.90), it is shown that the materials are characterized by more
graphitic domains in a carbonmatrix. However, the values 2.71 and
2.16 calculated from the ratio of the area under the curves indicate
that the materials are disordered, which is in accordance with the
XRD and TEM results. Moreover, the materials that are composed of
various allotropic forms of carbon require deconvolution of the
Raman spectra, as the information about the surface oxidation state
or surface chemistry might be thus obtained. The recorded “centres
of gravity” for the D and G band peaks are 1342 cm1 and
1590 cm1 (RbCl-T) and 1349 cm1 and 1584 cm1 (CsCl-T),
whereas for an ideal graphitic material it is usually 1353 cm1 and
1581 cm1, respectively [76e79]. This shows that the spectra
recorded for synthesized carbons are shifted towards higher values
of the Raman shift, indicating deviation from the ideal graphitic
structure.
Comparing both types of carbons, particular similarities can be
listed. The C]C stretching vibration has the same reflection for
both spectra. The intensities of the deconvoluted G-band peaks are
the same for both carbons. Nonetheless, the D0-band is much less
pronounced for the CsCl-T sample. The presence of broad peaks in
the Raman shift from2500 to 3000 cm1 indicates a high amount of
sp2 carbon, which results in a good electrical conductivity of soft-
and salt-templated materials.
Because the oxygen content has a crucial influence on the
electrochemical performance, prior to conducting an electro-
chemical comparison, an EDX was performed on the materials,
with the results presented in Table 2.
As can be seen in Table 2, all carbon materials have similar
carbon and oxygen contents, i.e., 92 at% and ca. 8 at%, respectively.
For commercial carbons, some impurity traces (up to 0.05 at%) have
been found, such as silica and potassium. These are most likely the
residues from the manufacturing process and/or synthesis route.
Given that, it has been assumed that the content of other alkali
metals in the synthesized material is negligibly low, as it was not
indicated by the EDX. However, it has to be pointed out that the
level of impurities does not suggest any significant content of them;
their presence should not be excluded and neglected, essentially in
the case of some peculiar performance observed.3.1.1. Electrochemical analysis
The prepared carbon materials were tested with two electro-
lytes, i.e., 1 mol,L1 lithium hydroxide (LiOH) and 0.5 mol,L1
lithium sulphate (Li2SO4). Such electrolytes were selected because
of their high conductivity and pH values. 1 mol L1 lithium hy-
droxide is a strongly alkaline solution with a high conductivity of
155 mS cm1. In contrast, lithium sulphate is neutral with a mod-
erate conductivity (40 mS cm1). Furthermore, they can be easily
applied in commercial aqueous ECs, since no noble metals are
required for the current collector.
The LiOH solution is characterized by a high conductivity and
thus allows for the preliminary tests in the electrochemicalFig. 1. Nitrogen adsorption/desorption isotherms recorded at 77 K (a); pore size dis-
tribution (b); CO2 adsorption isotherms of electrode materials based on RbCl-T, CsCl-T,
YP80F, and 507-20.
Fig. 2. Electrode material based on RbCl-T, CsCl-T, YP80F and carbon cloth 507-20 characterization: a) XRD pattern; SEMmicrographs for RbCl-T (b), CsCl-T (c), YP80F (d) and 507-20
(e); TEM images for RbCl-T (f) and CsCl-T (g).
A. Platek et al. / Electrochimica Acta 338 (2020) 1357886capacitor application. An aqueous solution of Li2SO4 is widely
accepted as a neutral electrolyte, allowing for high capacitor
operating voltage to be achieved.
The cyclic voltammetry and constant current load profiles
recorded for the electrochemical capacitors based on RbCl-T and
CsCl-T with a 1 mol,L1 LiOH solution are presented in Fig. 4.
As seen from the cyclic voltammetry and galvanostatic charging/
discharging, both ECs performed similarly to one another from a
qualitative and quantitative point of view. The cyclic voltammo-
grams have a rectangular-like shape, suggesting a good surface areaaccess and satisfactory conductivity of the electrode materials. The
curves almost overlap one another for RbCl-T and CsCl-T. The spe-
cific capacitance values calculated from the discharge curve (1
A g1) are 175 and 187 F g1 for RbCl-T and CsCl-T, respectively. Both
values are found to be high in comparison to the literature data
[80e85]. Moreover, the energetic efficiency of the charging/dis-
charging process is high, i.e., 99% and 96% for RbCl-T- and CsCl-T-
based ECs, respectively. The galvanostatic charging/discharging
curves reveal a pure EDL performance, as no deviation from the
triangular shape has been found. Moreover, even for a relatively
Fig. 3. Raman spectra recorded for the RbCl-T (a) and CsCl-T (b) samples, with the
peaks deconvoluted from the experimental line.
Table 2
Atomic composition of carbon materials as revealed by the EDX technique.
Sample name C, at% O, at% Si, at% K, at% Total, at%
RbCl-T 91.62 8.38 e e 100
CsCl-T 92.75 7.25 e e 100
YP80F 92.10 7.85 0.05 e 100
507e20 92.30 7.65 e 0.05 100
Fig. 4. Electrochemical performance of RbCl-T- and CsCl-T-based EDLC with 1 mol,L1
LiOH as an electrolyte: a) cyclic voltammetry at 10 mV s1; b) galvanostatic charging/
discharging with current density 1 A g1; c) specific and volumetric capacitance vs.
current density.
A. Platek et al. / Electrochimica Acta 338 (2020) 135788 7high current load, i.e., 1 A g1, the ohmic drop is negligible. To verify
the rate handling of RbCl-T- and CsCl-T-based devices, the specific
capacitance of the electrochemical capacitors vs. the current den-
sity is presented in Fig. 4c. Initially, at 0.1 A,g1 high specific
capacitance values were recorded: 206 F g1 and 216 F g1 for RbCl-
A. Platek et al. / Electrochimica Acta 338 (2020) 1357888T and CsCl-T, respectively. Moreover, it must be noted that even at a
high current load, i.e., 10 A g1, the recorded specific capacitance is
high, i.e., 132 F g1 (for RbCl-T) and 155 F g1 (for CsCl-T). These
values state a 64% and 72% rate handling. Therefore, ECs based on
RbCl-T and CsCl-T are capable of handling high current loads, sug-
gesting that these materials are perfectly suitable for high power
electrode materials.
The ECswith 1mol L1 LiOH solution based on RbCl-T and CsCl-T
are characterized by high specific capacitance values, good surface
area access and very small resistivities. Thus, after the successful
implementation of synthesized materials with a highly conductive
electrolytic solution (155 mS cm1), electrochemical capacitors
with a sulphate-based electrolyte (40 mS cm1 for 0.5 mol,L1
Li2SO4) have been built in order to verify the application of such a
material in an environment-friendly medium of moderate con-
ductivity. Fig. 5 presents data collected in the voltage range 0 ÷ 0.8 V
for ECs based on RbCl-T, CsCl-T, YP80F and 507-20 with 0.5 mol L1
Li2SO4.
It can be observed that symmetric ECs are characterized by a
very satisfactory rate handling calculated from the potentiody-
namic mode (>50%). Moreover, the specific capacitance calculated
either per mass or volume of the electrode is doubled when soft-
and salt-templatedmaterials are used in comparison to commercial
ACs. The best recorded rate handling during CV tests in the scan-
ning rate of 1e100 mV s1 is for YP80F-based EC. However,
considering rate handling calculated from the galvanostatic mode,
the presence of mesopores is crucial in order to efficiently operate
at high current regimes. The highly microporous 507-20 material
reveals the worst electrochemical performance: only 29% of initial
specific capacitance is available when a 10 A g1 current density is
applied. CsCl-T-based EC exhibits the highest rate handling (63%) at
10 A g1. Furthermore, the specific capacitance calculated from the
potentiodynamic and galvanostatic modes are in accordance, i.e.,
almost 160 F g1 (50 F cm3) for CsCl-T, 146 F g1 (45 F cm3) for
RbCl-T, 100 F g1 (30 F cm3) for YP80F and 90 F g1 (27 F cm3) for
507-20 at 0.1 A g1. All tested systems exhibit negligible ohmic
drops, which can also be seen from the low ESR value at the Nyquist
plot,<1 Ohm. Hence, the impedance spectroscopy recorded at 0.8 V
reveals the lack of a semicircle, indicating a good contact between
the electrode material and stainless-steel current collector. How-
ever, two characteristic points could be distinguished: the equiva-
lent series resistance (ESR) at 100 kHz and the equivalent
distributed resistance (EDR), obtained from the extrapolation of the
impedance spectra at a lower frequency. The ESR is equal to 0.66
Ohm for RbCl-T-based EC, proving that the adhesion of the elec-
trode material to the current collector is satisfactory (negligible
contact resistance) and only the electrolyte is responsible for the
current flow through the cell (electrolyte resistance). The recalcu-
lation with the distance between the current collectors and their
surface reflects the calculated conductivity being equal to
40 mS cm1, i.e., the conductivity of the electrolytic solution itself.
EDR (2.33 Ohm for RbCl-T), however, is the sum of ESR (0.66 Ohm)
and the ionic solution resistance “dissipated” within the pore vol-
ume. Thus, it could be adjusted/affected by the thickness of elec-
trodes as well as the micro/mesopore volume in the electrode
material. The EDR values are in the range of 2e2.5 Ohm for all
studied ECs. In the low-frequency range, the curves slightly deviate
from their ideal capacitive behaviour, which results from a porous
structure of the electrode materials. Therefore, in order to compare
the ECs, a more detailed specific capacitance has been calculated in
the frequency range of 1 mHze100 kHz, both at 0 V and 0.8 V,
(Fig. 5dee). The specific capacitance values are slightly higher
when the voltage is maintained at 0.8 V rather than at 0 V, but the
differences are negligible. The shapes of the curves vary for soft-
and salt-templatedmaterials only, while for YP80F and 507-20 theyalmost overlap one another. This could be related with meso-
porosity contribution in the energy storage mechanism. The high-
est specific capacitance at 1 Hz, so 1 s of charging/discharging has
been reached by the CsCl-T-based EC (62/66 F g1 at 0 V/0.8 V).
The high-rate capability of synthesized materials has been
proven in alkaline and neutral media. Thus, in the last step, the
maximum voltage window has been verified for the electro-
chemical capacitor based on the CsCl-T electrode material (as it was
the most promising one) in the 0.5 mol L1 Li2SO4 electrolytic so-
lution. The cyclic voltammetry with a scan rate of 2 mV s1 and
galvanostatic charging/discharging with a current density of
0.1 A g1 has been performed in a sequence 0 ÷ 1.8 V with an
increasing voltage range (0.1 V) from 0.8 V up to 1.8 V, presented in
Fig. 6.
Additionally, 1.5 V has been selected as the maximum opera-
tional voltage window based on the calculation of energetic and
coulombic efficiency from both potentiostatic and galvanostatic
modes. After exceeding 1.5 V, the energy provided to the system
during charging is much higher than the energy released during
discharging. Moreover, at 1.5 V, the cyclic voltammogram is char-
acterized by a quasi-rectangular shape. Higher vertex voltages
result in a deviation from the ideal capacitive behaviour for cor-
responding scans; the redox peaks become increasingly pro-
nounced for voltages higher than 1.5 V, which are most likely
caused by hydrogen sorption on the negative electrode.
Therefore, a comparison of ECs in the maximum voltage has
been made. Fig. 7 represents the cyclic voltammetry profiles (at
5 mV s1) and the galvanostatic charging/discharging profile at
1 A g1. Moreover, the specific capacitance values calculated from
the potentiodynamic and galvanostatic modes have been
presented.
All ECs exhibit very good rate handling, visible in the rectangular
CV shape at 5mV s1 (Fig. 7a). At 1.5 V a negligible difference can be
found between the YP80F- and 507-20-based ECs. For CsCl-T, the
highest specific capacitance has been recorded (almost twice
higher at low scanning rates, and þ50% at high and moderate, i.e.,
>20 mV s1) compared to the commercial activated carbons. Fig. 7b
shows the galvanostatic charging/discharging profiles at a rela-
tively high current density, 1 A g1. All systems are characterized by
a small ohmic drop, which is in accordance with studies performed
at 0.8 V. Moreover, the curves resemble an ideal isosceles triangle,
which confirms the very good coulombic efficiency of >90%. The
energetic efficiency is approximately 85% for all samples for an
applied voltage of 1.5 V. Fig. 7ced presents the specific capacitance
values calculated from the galvanostatic charging/discharging and
cyclic voltammetry, respectively. In each case, the CsCl-T-based ECs
reveal the highest specific capacitance but the worst or moderate
rate handling. Thus, a system operating at 10 A g1 exhibit 58% of
the initial specific capacitance value, which is almost 50% more
than that for YP80F and 507-20. Therefore, novel electrode mate-
rials are attractive for energy storage applications. It is worth
reminding that the novel synthesis method presented within this
paper is fully sustainable, eco-friendly and moreover gives an op-
portunity to re-use the salt-template used during the synthesis,
which influences its overall cost and applicability.
To evaluate the performance of the CsCl-T material as a
component of the ECs, a final comparison with 507e20 and YP80F
has been presented in Fig. 8 in a so-called Ragone plot.
It is noted that the system based on soft- and salt-templated
electrode materials gains almost 75% of the energy density calcu-
lated for the same current densities compared to the other carbons
(16.7 Wh∙kg1 vs. 9.5 Wh∙kg1). Moreover, an almost constant
energy profile vs. power confirms that there is an excellent
capacitive performance even at high voltages. An increase in the
operating voltage from 0.8 V to 1.5 V improves the energy density
Fig. 5. Electrochemical capacitor based on an RbCl-T, CsCl-T, YP80F, 507-20 electrode material operating with 0.5 mol,L1 Li2SO4: a) specific capacitance vs. scanning rate; b) specific
capacitance vs. current density; c) electrochemical impedance spectroscopy recorded at 0.8 V; d) specific capacitance vs. frequency at 0.0 V; e) specific capacitance vs. frequency at
0.8 V. The percent values represent the capacitance retention.
A. Platek et al. / Electrochimica Acta 338 (2020) 135788 9value from 3.5Wh∙kg1 to 16.7Wh∙kg1 (þ350%) for CsCl-T-based
ECs.
The long-term stability at the capacitors voltage of 1.5 V has
been determined by so called floating test. Briefly, the capacitors
have been subjected to several voltage-holding periods (2 h). After
each floating sequence, the capacitance values have been deter-
mined by the galvanostatic method. For comparison purposes, the
same test has been applied to the capacitors built with 507e20 andYP80F carbon materials. The results are presented in Fig. S1.
Apart from regular pattern for the capacitor operating with
507e20 electrodes, one can note that for the systems operating
with CsCl-T and YP80F carbons, so-called “cell conditioning” occurs
during initial 30 h of the floating test. Interestingly, for YP80F car-
bon, the capacitance slightly increases. In this case, two different
factors might be at the origin of such a peculiar performance.
Firstly, the electrolyte might still be penetrating the (highly
Fig. 6. Extension of the voltage window for EC based on the CsCl-T electrode material
with 0.5 mol,L1 Li2SO4: a) cyclic voltammetry at 2 mV s1 scan rate; b) galvanostatic
charging/discharging at 0.1 A g1.
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of the electrode/electrolyte interface. Secondly, as the capacitor
voltage exceeds water decomposition voltage, pseudocapacitive
hydrogen storage cannot be neglected [86e88]. This might result in
the incremental capacitance increase; however, recent reports
suggest that this effect might be detrimental in the long-term
perspective [89e91].
For CsCl-T based cell, the capacitance initially drops (first 20 h of
the floating test) but then is being recovered. In this case, it is
assumed that the capacitance drop comes from the electrode
potential-range adjustment under high voltage-conditions.
Namely, it is expected that potential range values during purely
capacitive operation must be different than for conditions enforced
by elevated voltage. Taking into account strictly microporous
character of the CsCl-T carbon electrode, a certain time is required
to accommodate the ions in the respective pores. Capacitance in-
crease after conditioning time suggests that ions are successfullystored inside the pores. However, one should not neglect the
contribution from hydrogen electrosorption in this case as well. In
this case, the capacitance variation observed, originate rather from
mechanical disintegration of the electrode (observed after cell
disassembling) than carbon oxidation. This might suggest that
further optimisation in terms of binder might still improve the
overall performance.
Taking into account the results herein obtained, it can be
claimed that the proposed soft- and salt-templated carbon,
combining the high surface area, the optimal micropore size, the
good balance between micro and mesopores and the conductive
structure, is suitable for high-voltage electrochemical applications.
To understand the reason behind such a good performance
compared to activated carbons, the following explanation based on
material characteristics can be proposed. As mentioned in the
introduction, many factors can impact the electrochemical perfor-
mance, and those related to the material porosity, structure and
surface chemistry are the most important ones. The structure of the
materials (graphitization level) has a direct link with the electronic
conductivity of the materials and an influence on the surface area
access. As the structures of the soft- and salt-templated and the
commercial carbonmaterials were found to be similar (Raman/XRD
analyses), the influence of this parameter can be considered
negligible. Regarding the surface chemistry, the presence of oxygen
functional groups is known to induce the hydrophilic behaviour of
the materials and possible redox reactions with the electrolyte,
which may improve the material’s (pseudo)capacitance. However,
the EDX technique revealed almost the same amount of oxygen in
all materials. Hence, its impact on the performancewill be the same
for all materials. The last important carbon characteristic is the
porosity, where both the specific surface area and pore size/volume
are of prime importance. A high specific surface area allows the
adsorption of the electrolyte ions in the pores and ensures a high
capacitance. It is the case of the CsCl-T material that exhibits the
highest surface area (2576 m2 g1 or 2143 m2 g1 for an electrode
material with 90 wt% of synthesized carbon) among the materials,
resulting in the highest capacitance (160 F g1 at 0.1 A g1 in
0.5 mol L1 Li2SO4). Nevertheless, the pore size must match the
electrolyte ion size, which is the case for all materials since they
have an average pore size of approximately 0.8e0.9 nm, which is
ideal for such applications. Therefore, the high capacitance of the
templated carbons is derived from their high specific surface area
given by pores with optimal size. However, the rate capability
behaviour was found to be very good (72% and 64% for CsCl-T and
RbCl-T in 1 mol L1 LiOH and 69% and 55% for CsCl-T and RbCl-T in
0.5 mol L1 Li2SO4, respectively) compared to the commercial car-
bons, particularly (65% in 0.5 mol L1 Li2SO4). It is worth
mentioning that the last one is a purely microporous material
without mesopores (Vmeso ¼ 0.00 cm3 g1), contrary to the CsCl-T
material, which displays a mesopore volume, Vmeso of
0.20 cm3 g1. This suggests that mesopores are responsible for the
high rate capability of templated materials by allowing a good/fast
access of the electrode surface area for the electrolyte throughout
thematerial. To conclude, the high capacitance, good rate capability
and energy density of the templated materials are ascribed to a
proper combination of several features, i.e., a high surface area,
optimal micropore size, good balance between micro and meso-
pores and a conductive structure.
To prove the abovementioned statement, a Ragone plot has been
recalculated from the impedance spectra recorded at an elevated
voltage, as presented in Fig. S2. The energy and power were ob-
tained from the capacitance values calculated with imaginary part
of the impedance at elevated voltage. The time (for power esti-
mation) has been recalculated from the frequency value.
It is worth highlighting that the energy output prediction and
Fig. 7. Comparison of ECs based on CsCl-T, 507-20 and YP80F at 1.5 V: a) cyclic voltammetry at 5 mV s1; b) galvanostatic charging/discharging at 1 A g1; c) capacitance retention
vs. current density; d) capacitance retention vs. scanning rate. Electrolyte solution 0.5 mol,L1 Li2SO4.
Fig. 8. Ragone plot of ECs working at 0.8 V and 1.5 V with 0.5 mol L1 Li2SO4 elec-
trolytic solution and three various electrode materials, i.e., CsCl-T, 507-20, and YP80F.
A. Platek et al. / Electrochimica Acta 338 (2020) 135788 11values obtained from the galvanostatic mode are somehow in
accordance with one another. From such a recalculation, it can be
indicated that at a low voltage a soft- and salt-templated material
reveals the highest rate-capability in comparison to commercial
samples. However, it has to be clearly stated that the energy and
power calculated from the electrochemical impedance spectros-
copy technique should not be considered as absolute values; quite
often these values might be over/underestimated as they are
calculated for very small voltage amplitudes and might not reflect
an overall performance within considered operating voltage range
[92]. Thus, they might serve for comparative purposes only.4. Conclusions
1) The soft- and salt-template approach was explored in this work
in order to obtain porous carbons based on novel rubidium
chloride and caesium chloride salt-templates. The obtained
materials combined a high surface area (2077 and 2556 m2 g1
for RbCl-T and CsCl-T, respectively), a high microporosity with
an optimal uniform pore size (~0.8 nm) that is able to adsorb
ions quickly and a certain degree of mesoporosity to ensure fast
access of the electrode surface area for the electrolyte.
A. Platek et al. / Electrochimica Acta 338 (2020) 135788122) The structure was found to be disordered but with enough sp2
carbon atoms to ensure a good conductivity for thematerial, and
the surface chemistry reveals oxygen groups useful for wetta-
bility with the electrolyte.
3) The application of these carbons in electrochemical capacitors
revealed a specific capacitance at 1 A g1 of 175 F g1 and
187 F g1 in 1 mol L1 LiOH for RbCl-T- and CsCl-T-based elec-
trode materials, respectively.
4) The specific capacitances of the materials in a 0.5 mol L1 Li2SO4
neutral electrolyte were 127 F g1 (RbCl-T) and 147 F g1 (CsCl-
T) at 1 A g1. The rate handlings were at the level of 40% and 63%
for RbCl-T and CsCl-T-based carbons, respectively. Therefore, the
CsCl-T material has been found to be a more suitable electro-
chemical capacitor than RbCl-T.
The overall performance of ECs CsCl-T-based with 0.5 mol L1
Li2SO4 were found to be better than those for ECs built with com-
mercial activated carbons. The specific capacitance was higher by
50% (156 F g1) compared to the other cells (90 F g1 for the carbon
tissue and 100 F g1 for YP80F). A maximum voltage of 1.5 V was
achieved in the neutral electrolyte, resulting in a significant high
energy density, i.e., 16.7 Wh∙kg1 at 30 W kg1 of the specific
power for ECs with CsCl-T electrode material compared to
9.5 Wh∙kg1 for commercial activated carbons. The highest
capacitance has been preserved during 120 h of voltage-holding
test at capacitor voltage of 1.5 V.
Therefore, this sustainable synthesis method presented herein
allows for porous carbon materials with suitable textural and
structural characteristics to be obtained. A good electrochemical
performance in terms of the specific capacitance, rate handling, and
high voltage has been demonstrated.
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